We examine the problem of three generation quark flavor mixing in realistic, superstring derived standard-like models, constructed in the free fermionic formulation. We study the sources of family mixing in these models and discuss the necessary conditions to obtain a realistic Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix. In a specific model, we estimate the mixing angles and discuss the weak CP violating phase. We argue that the superstring standard-like models can produce a realistic CKM mixing matrix. We discuss the possible textures of quark mass matrices that may be obtained in these models.
Introduction
The quest of theoretical physics for many years has been to understand the origin of fermion masses and mixing. The standard model which is consistent with all experiments to date, uses thirteen free parameters to parametrize the observed spectrum. Grand Unified Theories (GUTs) and Supersymmetric Grand Unified Theories (SUSY GUTs) reduce the number of free parameters and are able to explain inter-family relations between some of the masses. However, GUTs and SUSY GUTs can explain neither the mass hierarchy among the generations nor the origin and the amount of observed family mixing. Within the context of unified theories it is plausible that the number of generations and the structure of the fermion mass matrices have their origin in a more fundamental theory at the Planck scale. Indeed, the best known Planck scale theory, namely superstring theory [1] , indicates that the number of chiral generations is related to the Euler characteristic of the compactified six dimensional space at the Planck scale. Therefore, it is important to examine whether realistic superstring models can lead to a qualitative understanding of the fermion mass matrices.
In Ref. [2, 3, 4] realistic superstring standard-like models were constructed in the four dimensional free fermionic formulation. The realistic models in the free fermionic formulation [2, 3, 4, 5, 6, 7] have the attractive property of correlating the reduction to three generations with the factorization of the gauge group into observable and hidden sectors, and with the breaking of unwanted non-Abelian horizontal symmetries in the observable sector to U(1) factors. A detailed discussion on the construction of the free fermionic standard-like models was given in Ref. [4] . The models of interest must possess the following properties:
1. The gauge group is SU(3) C × SU(2) L × U(1) n ×hidden, with N = 1 space-time supersymmetry.
2. Three generations of chiral fermions and their superpartners, with the correct quantum numbers under SU(3) C × SU(2) L × U(1) Y .
3. The spectrum should contain Higgs doublets that can produce realistic gauge symmetry breaking. 4 . Anomaly cancellation, apart from a single "anomalous" U(1) which is canceled by application of the Dine-Seiberg-Witten (DSW) mechanism [8] .
The combined constraints (1-4) impose strong restrictions on the possible boundary condition basis vectors and GSO projection coefficients, and result in a class of realistic standard-like models with unique properties [4] . First, they produce three and only three generations of chiral fermions. Second, proton decay from dimension four and five operators is suppressed due to gauged U(1) symmetries and a unique superstringy doublet-triplet splitting mechanism [4] . Finally, the standard-like models suggest an explanation for the fermion mass hierarchy [3, 9, 10] . At the tree level of the superpotential only the top quark gets mass. Mass terms for lighter quarks and leptons are obtained from higher order nonrenormalizable terms. The allowed nonrenormalizable terms in the fermion mass matrices are constrained by the horizontal symmetries that are derived in the standard-like models. The horizontal symmetries arise due to the compactification from ten to four dimensions. In the realistic free fermionic models the horizontal symmetries reflect the underlying Z 2 × Z 2 orbifold compactification [10] .
An important property of the superstring standard-like models is the absence of gauge and gravitational anomalies apart from a single "anomalous U(1)" symmetry.
This anomalous U(1) A generates a Fayet-Iliopoulos term that breaks supersymmetry at the Planck scale [8] . Supersymmetry is restored and U(1) A is broken by giving VEVs to a set of standard model singlets in the massless string spectrum along the flat F and D directions [11] . The SO(10) singlet fields in the nonrenormalizable terms obtain non-vanishing VEVs by the application of the DSW mechanism.
Thus, the order N nonrenormalizable terms, of the form cf f h(Φ/M) N −3 , become effective trilinear terms, where f, h, Φ denote fermions, scalar doublets and scalar singlets, respectively. M is a Planck scale mass to be defined later. The effective Yukawa couplings are given by λ = c( Φ /M) N −3 where the calculable coefficients c are of order one [12] . In this manner quark mass terms, as well as quark mixing terms, can be obtained. Realistic quark masses and mixing can be obtained for a suitable choice of scalar VEVs.
In a previous letter [13] , we studied the mixing between the two lightest generations. We showed that for a suitable choice of scalar singlet VEVs, a Cabibbo angle of the correct order of magnitude can be obtained in standard-like models.
In this paper, we extend our analysis to the case of three generation mixing. We demonstrate that mixing among three generations and a weak CP violating phase of the correct order of magnitude can be obtained in the standard-like models. We illustrate our results in a specific model and discuss the general properties of our results that are expected to be valid for a large class of standard-like models.
The paper is organized as follows. In Section 2 we review the superstring standard-like models. We discuss the structure of the massless spectrum and emphasize the general properties of the standard-like models that are reflected in the generation mixing. In Section 3, we obtain the tree level superpotential and the nonrenormalizable terms. We discuss the form of the generation mixing nonrenormalizable terms in the standard-like models. We argue that the generation mixing terms reflect the general structure of the massless spectrum in these models. In section 4, we discuss the case of two generation Cabibbo mixing. In section 5, we extend our analysis to the case of three generation mixing. We discuss the possibility of obtaining mixing angles and weak CP violating phase of the correct order of magnitude. We present an F and D flat solution that yields a semi-realistic CKM matrix. In section 6, we discuss the relation between quark mass matrices in the standard-like models and ansatze for quark mass matrices. Our conclusions are summarized in section 7.
The superstring standard-like models
The superstring standard-like models are constructed in the four dimensional free fermionic formulation [14] . The models are generated by a basis of eight , 0, · · · , 0|0, · · · , 0).
(1a)
with the choice of generalized GSO projections
and the others given by modular invariance.
The gauge group after the NAHE set is SO(10)×E 8 ×SO(6) 3 with N = 1 spacetime supersymmetry and 48 spinorial 16 of SO (10) . The NAHE set is common to all the realistic models in the free fermionic formulation. The special properties of the NAHE set are emphasized in Ref. [4] . In short, the vectors b 1 , b 2 and b 3 of the NAHE set perform several functions. First, they produce the chiral generations.
Second, they split the observable and hidden sectors. Finally, they determine the chirality of the massless generations. Models based on the NAHE set correspond to models that are based on Z 2 × Z 2 orbifold compactification with nontrivial background fields. This correspondence is best illustrated by adding the basis vector
to the NAHE set. The gauge group is extended to E 6 × U(1) 2 × E 8 × SO(4) 3 with N = 1 supersymmetry and 24 chiral 27 of E 6 . The same model is obtained in the orbifold language by moding out an SO(12) lattice by a Z 2 ×Z 2 discrete symmetry with "standard embedding" [10] . The internal fermionic states {y, ω|ȳ,ω} correspond to the six left-moving and the six right-moving compactified dimensions in the orbifold language. In the construction of the standard-like models beyond the NAHE set, the assignment of boundary conditions to the set of internal fermions {y, ω|ȳ,ω} determines many of the properties of the low-energy spectrum such as the number of generations, the presence of Higgs doublets, Yukawa couplings, etc [4] . We would like to emphasize that many of the low energy properties are closely related to the Z 2 × Z 2 orbifold compactification. In particular, each of the three chiral generations is obtained from a distinct twisted sector of the orbifold model.
The horizontal symmetries of each generation correspond to the three orthogonal complex planes of the Z 2 × Z 2 orbifold.
The standard-like models are constructed by adding three additional vectors to the NAHE set [2, 3, 4, 6] . Three additional vectors are needed to reduce the number of generations to one generation from each sector b 1 , b 2 and b 3 . The three vectors that extend the NAHE set and the choice of generalized GSO projection coefficients for our model are given in Table 1 [2] . The observable and hidden gauge groups after application of the generalized GSO projections are
L and has the standard SO(10) embedding. The orthogonal combination is given by U(1)
The vectors α, β, γ break the SO(6) j horizontal symmetries to U(1) rj × U(1) rj+3 (j = 1, 2, 3), which correspond to the right-moving world-sheet currentsη obtained by pairing a left-moving real fermion with a right-moving real fermion,
The basis vectors span a finite additive group Ξ = Z 7 2 × Z 4 . A general property of the free fermionic models, which are based on the NAHE set and that use a Z 4 twist to break the gauge symmetry from SO(2n) to SU(n) × U(1), is the presence of the sectors b j and b j + 2γ + (I) j = (1, 2, 3) in the massless spectrum.
The sectors b j produce the chiral generations and the sectors b j + 2γ + (I) produce representations of the hidden gauge groups that are SO(10) singlets with horizontal charges. The vector 2γ, in effect, when added to the NAHE set, plays the role of the vector X in Eq. (3). It splits the {ȳ,ω} right-moving fermionic states fromη 1,2,3 , and breaks the horizontal symmetries from SO(6) j to SO(4) j × U(1) j . However, rather than enhancing the observable gauge group from SO(10) to E 6 , it breaks the hidden gauge group from E 8 to SO(16) and produces massless states in the vector representation of SO (16), from the sectors b j + 2γ. We will argue that this structure of the additive group, in these models, is the essential feature behind the generation mixing.
The full massless spectrum was presented in Ref. 
where
with charges under the six horizontal U(1)s.
We obtain from the sector b 1
,0,0,
and the sector
The vectors b 1 , b 2 , b 3 are the only vectors in the additive group Ξ which give rise to spinorial 16 of SO (10). (c) The Neveu-Schwarz O sector gives, in addition to the graviton, dilaton, antisymmetric tensor and spin 1 gauge bosons, scalar electroweak doublets and singlets: (5) and SU(3) gauge groups, respectively (see Table 2 ).
As will be shown below, the states from the sectors b j + 2γ produce the mixing between the chiral generations. We would like to emphasize that the structure of the massless spectrum exhibited in Eqs. (5-7), and in Table 2 , is common to a large number of free fermionic standard-like models. All the standard-like models contain three chiral generations from the sectors b j , vector-like representations from the sectors b j + 2γ, and Higgs doublets from the Neveu-Schwarz sector.
The vector combination of α + β plus some combination of {b 1 , b 2 , b 3 }, produces additional doublets and singlets, and exists in the models that were found to admit F and D flat solution [2, 3, 4] , but not in the model Ref. [6] . We will show that mixing terms are obtained in all these models. We will argue that the source of the family mixing is a general characteristic of these models. It arises due to the basic set {1, S, b 1 , b 2 , b 3 } and the use of the Z 4 twist to break the symmetry from
In addition to the states above, the massless spectrum contains massless states from sectors with some combination of {b 1 , b 2 , b 3 , α, β} and γ + (I). These states are model dependent and carry either fractional electric charge or U(1) Z ′ charge.
As argued in Ref. [9, 15] the U(1) Z ′ symmetry has to be broken at an intermediate energy scale that is suppressed relative to the Planck scale. Therefore, the states from these sectors do not play a significant role in the quark mass matrices and we do not consider them in this paper. 
with T r(Q A ) = 180. The set of F and D constraints is given by the following equations:
where χ k are the fields that get VEVs and Q j k are their charges. W is the tree level superpotential.
The superpotential and mixing terms
We now turn to the superpotential of the model. Trilinear and nonrenormalizable contributions to the superpotential are obtained by calculating correlators between vertex operators [12] A
where V f i (V b i ) are the fermionic (scalar) components of the vertex operators. The non-vanishing terms are obtained by applying the rules of Ref. [12] . In order to obtain the correct ghost charge, some of the vertex operators are picture changed by taking
where T F is the world-sheet super current given by
with
Several observations simplify the analysis of the potential non-vanishing terms.
First, it is seen that only the T is complexified and therefore can be written, for example for y 3 and y 6 , as
Consequently, every picture changing operation changes the total U(1) ℓ = U(1) ℓ4 + U(1) ℓ5 + U(1) ℓ6 charge by ±1. An odd (even) order term requires an even (odd) number of picture changing operations to get the correct ghost number [12] . Thus, for A N to be non-vanishing, the total U(1) ℓ charge, before picture changing, has to be an even (odd) number for even (odd) order terms. Similarly, in every pair y i ω i , one real fermion, either y i or ω i , remains real and is paired with the corresponding right-moving real fermion to form an Ising model operator. Every picture changing operation changes the number of left-moving real fermions by one. This property of the standard-like models [2, 3] significantly reduces the number of potential nonvanishing terms.
At the cubic level the following terms are obtained in the observable sector [2] ,
with a common normalization constant √ 2g.
It is seen that only Yukawa couplings of the + 2 3 charged quarks and neutral leptons appear in the tree level superpotential. This is a result of our choice of the basis vector γ given in Table 2 [16] . In the analysis of nonrenormalizable terms we impose the F-flatness restriction Φ 12 , Φ 12 , ξ 3 ≡ 0 [9] . In addition, we take At the quartic order there are no potential quark mass terms. At the quintic order the following mass terms are obtained,
At order N = 7 we obtain in the down quark sector,
In the up quark sector we obtain,
At order N = 7 we obtain generation mixing terms in the up and down quark sectors. The states that induce the mixing come from the sectors b j + 2γ. In the up quark sector, mixing is obtained by 5,5 and 3,3 of the hidden SU(5) and SU(3) gauge groups, respectively. In the down quark sector, the mixing is only by the 3,3 of the hidden SU(3) gauge groups. At order N = 8 we obtain mixing in the down quark sector by the SU(5) states from the sectors b j + 2γ,
The analysis of the nonrenormalizable terms up to order N = 8 shows that family mixing terms are obtained for all generations. Before the spontaneous symmetry breaking due to the scalar VEVs, there is no mixing because of the six generational gauge U(1) r and the six global U(1) ℓ symmetries. In general the set of scalar VEVs break all of these symmetries and induce generation mixing by higher order nonrenormalizable terms.
We observe that the mixing arises due to the states from the sectors b j + 2γ. Thus, in order to construct nonrenormalizable terms which are invariant under U(1) ℓ , we must tag to f i f j h additional fields with U(1) ℓj+3 = ± 1 2 . We observe that the only available states are from the sectors b j + 2γ, which are in the fundamental representations of the hidden gauge group. Therefore, the family mixing due to these states is a general characteristic of these models.
We now comment on quark flavor mixing in other standard-like models. The terms in Eqs. (16) (17) (18) (19) (20) were obtained in the model of Ref. 
The states V i are the states from the sectors b j + 2γ in the model of Ref. [6] . The terms in Eqs. (21) reflect the dependence of the mixing terms on the interplay between the sectors b j and the sectors b j + 2γ, without the presence of a sector of the form α + β in the massless spectrum.
Cabibbo mixing
In a previous letter [13] , we showed that there are solutions to the F and D constraints which give non-negligible Cabibbo mixing between two generations.
In principle generation mixing can arise from two different sources. The first one is due to condensates of of the states which are in the vector representation of the hidden gauge group (see Table 2 ). T i and V i which transform as 5's and 3's under SU(5) H and SU(3) H form condensates when these gauge groups get strong, i.e.
where b = (n f /2)−3N and α H (M) ∼ 0.06 [17] . The value of the scalar condensates
where Λ H is given by Eq. (22) . In our model, for the matter content of the hidden gauge groups, Λ H turns out to be too small to give appreciable Cabibbo mixing. Even for the largest possible hidden gauge group SU(7) H , Λ 7 turns out to be an order of magnitude too small.
An alternative way to obtain mixing is by giving VEVs to vector representations of the hidden gauge groups by the F and D constraints given by Eq. (9) . These VEVs will necessarily break the hidden gauge groups spontaneously. By choosing an appropriate solution one can easily get non-negligible mixing. In Ref. [13] , we considered a solution to the F and D constraints with the following set of nonvanishing VEVs:
The VEVs of ξ 1 , ξ 2 andΦ 13 are undetermined and remain free parameters to be fixed. For this solution, the up mass matrix M U is diagonal
where v 1 = h 1 and the down mass matrix M D is given by
where v 2 = h 45 and we have used
. We use the undetermined VEVs ofΦ 13 and 
KM mixing among three generations
In this section we consider the mixing between three generations obtained from we require mixing terms in the down and up quark mass matrices. Therefore, in addition to the above fields also Φ 45 ,Φ + 1,2,3 , two V i 's and oneV i should get VEVs. We require that λ b ∼ λ τ at the unification scale, which imposes Φ
We would like to stress that for different standard-like models, requiring realistic quark mass matrices imposes similar constraints. A solution that satisfies these requirements is given by the following set of non-vanishing VEVs:
The VEVs of ξ 1 and ξ 2 are not constrained. With this set of VEVs, the up and down quark mass matrices, M u and M d are given by
and
with v 1 , v 2 and M as before. The up and down quark mass matrices are diagonalized by bi-unitary transformations
with the CKM mixing matrix given by
The 
To study the effect of the renormalization from the unification scale to the electroweak scale we run the coupled renormalization group equations of the MSSM in matrix form [19] . The renormalization does not affect the mixing terms that correspond to the Cabibbo 2 × 2 submatrix by much. The remaining elements, that mix the heavy generation with the lighter two generations are modified by up to thirty percent. Therefore, V is a CKM matrix with elements of the correct order of magnitude. The string model does not determine the flat direction (scalar VEVs) and therefore does not predict the matrix elements. Since our aim is only to demonstrate the possibility of obtaining a realistic CKM matrix and not to predict it, we do not pursue this point further.
In Eq. (34) only the magnitude of the CKM matrix elements appear since we took all the VEVs to be real. From Eq. (29) we see that the phases of the VEVs except for those of Φ
are not fixed by the F and D constraints. By giving phases to some of these VEVs we will be able to obtain a complex CKM matrix.
Consider the set of VEVs given in Eq. (29) where now we give phases to the VEVs of V 1 ,V 2 and V 3 only:
where α, β and γ are completely arbitrary. 
Ansatze for mass matrices
The standard model uses ten free parameters to parametrize the quark masses and mixing. Several ansatze for the quark mass matrices have been proposed to reduce the number of free parameters. These ansatze assume the existence of discrete symmetries that force some of the entries in the quark mass matrices to vanish. The origin of these ansatze and of the symmetries that they assume to have is not explained. In this section, we discuss the relation between the quark mass matrices in the superstring standard-like models and a few of these ansatze.
Consider for example the Fritzsch ansatz [22] with
with all elements of M u and c d real. From the mixing terms given by Eqs. (16) (17) (18) (19) (20) we see that a mass matrix of the form of Eq. (37b) cannot be obtained in our the off-diagonal terms will be nonzero at some order of nonrenormalizable terms.
However, one has to be careful not to generate Higgs mass terms that will render all the Higgs doublets superheavy. Thus, it is seen that the vanishing off-diagonal entries in the quark mass matrices arise due to effective discrete symmetries which 
Conclusions
In this paper, we examined the three generation mixing among quark families in realistic, superstring derived standard-like models. There exist F and D flat directions that produce three generation mixing. We found one such flat direction given by Eq. (29) and calculated the mixing matrix from it. In addition, by giving phases to some of the scalar VEVs, one can obtain the weak CP violating phase, δ, in the CKM matrix. In our model, we were able to obtain δ by giving phases only to the VEVs of V 1 ,V 2 and V 3 . We emphasize that the string model does not fix the flat direction and therefore does not predict the CKM matrix. Our aim is only to show that a realistic CKM matrix can be obtained in this class of models.
Can we improve our order of magnitude results? There are three ways that our results can be made more predictive. First, we can take into account the coefficients c which enter the effective Yukawa couplings. In this paper we have taken them to be of order O(1). They can, in principle, be calculated from the correlators of vertex operators for every nonrenormalizable term. Second, we can consider other phenomenological constraints on the model such as acceptable neutrino masses, baryon decay, very small FCNCs etc., in addition to the ones we took into account. The horizontal symmetries that arise in superstring models due to the compactification from ten to four dimensions constrain the allowed terms in the superpotential and consequently the terms in the fermion mass matrices. In this paper we examined the superstring derived standard-like models. These models are constructed in the free fermionic formulation and correspond to models that are based on Z 2 × Z 2 orbifold compactification. We showed that the horizontal symmetries and the choice of flat directions in the application of the Dine-Seiberg-Witten mechanism constrain some of the entries in the quark mass matrices to vanish.
Consequently different textures for the fermion mass matrices may be obtained from the standard-like models, that may naturally resolve some of the problems that exist in traditional GUTs. For example, the relation λ t = λ b in SO(10) models that forces a large value for tan β = v 1 /v 2 , is broken in the superstring standardlike models and allows small values for tan β. Similarly, the choice of flat directions may naturally lead to m u = 0 with m d = 0. Thus, the superstring standard-like models may provide simple and well motivated solutions to some of the fundamental problems in particle physics. We will expand upon the phenomenology derived from these models in future publications.
